S-Adenosylmethionine (SAM) was initially characterized as an electrophilic methyl donor in a wide variety of cellular methylation reactions. However, as early as 1970, an enzyme, lysine 2,3-aminomutase, that required SAM but that did not involve methylation was identified.^[@ref1]−[@ref3]^ The similarity of the reaction catalyzed by this enzyme to the adenosylcobalamin-dependent aminomutases led to the proposal for a radical mechanism, which has since been verified by numerous studies. The key step is the reductive cleavage of SAM into a 5′-deoxyadenosyl radical (Ado•) and methionine as an initiating step (Figure [1](#fig1){ref-type="fig"}A). The highly reactive Ado• intermediate allows the substrate to be readily activated toward reaction through stereoselective H-abstraction.^[@ref4]^ This initial discovery drove a surge of interest into this family of enzymes and more broadly, into the field of radical enzymology.^[@ref5]^

![(A) General mechanism for reductive cleavage of SAM into 5′-deoxyadenosyl radical and methionine. (B) Structure of pyruvate formate lyase showing the wider, incomplete β/α barrel fold to accommodate this enzyme's larger substrate---a peptide shown in magenta. (C) Lysine-2,3-aminomutase possesses a complete, closed β/α barrel that surrounds the small substrate, lysine, shown in magenta.](cb-2014-004674_0002){#fig1}

Bioinformatics methods have played an important role in identifying the existence of at first several hundred, and eventually thousands, of related proteins in all kingdoms of life, which came to be known as the radical SAM superfamily.^[@ref6],[@ref7]^ A host of radical SAM enzymes have now been biochemically characterized,^[@ref8]−[@ref10]^ identifying their crucial role in a diverse range of biological functions including cofactor synthesis,^[@ref11]^ enzyme activation, DNA repair, protein and nucleic acid modification, and primary metabolism.^[@ref12],[@ref13]^ The chemistry catalyzed by radical SAM enzymes proceeds via a remarkably wide range of mechanisms; the reactions catalyzed include carbon methylation, sulfur insertion, oxidation, methylthiolation, and complex carbon skeleton rearrangements including ring formation and isomerization.

An important unifying characteristic of radical SAM enzymes is the presence of a CX~3~CX~2~C motif, conserved in almost all known radical SAM enzymes, which coordinates a \[Fe~4~S~4~\] cluster. The cluster is ligated by the three cysteine residues of this motif, which leaves one of the four iron atoms unligated (the "unique" iron), and therefore free to coordinate SAM.^[@ref14]^ SAM is then reductively cleaved following electron transfer from the \[Fe~4~S~4~\] cluster, forming the adenosyl radical that initiates the various reactions mentioned above by abstraction of a hydrogen atom from the substrate.^[@ref15]^ Many SAM enzymes are also now known to contain a second "auxiliary" \[Fe~4~S~4~\] cluster. In some cases, the second cluster participates directly in the reaction, for example, as the source of the inserted sulfur atom in the biotin synthase reaction.^[@ref16]^ For most, however, the function of the second cluster is still unclear, and speculation has centered on the second cluster acting as an electron donor in these cases.^[@ref17]^

The increasing availability of crystal structures has allowed researchers to identify other conserved features of the radical SAM superfamily (Figure [1](#fig1){ref-type="fig"}B, C). Early structural studies, including those of HemN and BioB, identified the position of the active site \[Fe~4~S~4~\] cluster within a β~8~α~8~ (TIM-barrel) fold.^[@ref18],[@ref19]^ As more structures became available, the presence of a "partial" β~6~α~6~ TIM-barrel was found to be a feature of many enzymes. It appears that enzymes that bind large substrates, such as pyruvate formate-lyase activating enzyme (PFL-AE), adopt the more open partial TIM-barrel structure to allow substrate access to the active site.

Although an enormous amount has been learned about radical SAM enzymes since the discovery of lysine 2,3-aminomutase, the shear breadth and complexity of the reactions catalyzed, together with the technical difficulties associated with working on these highly oxygen-sensitive enzymes, means there is still much that remains to be understood about these enzymes. The structure and mechanisms of many known radical SAM enzymes remain to be elucidated. Many more are known only from sequence alignments, their substrates, the type of reaction catalyzed and physiological roles within the organism are completely unknown.

In this review, we present an overview of selected radical SAM enzymes for which there have been significant recent advances in our understanding of their mechanisms; these are categorized broadly by reaction type. First, we discuss the carbon-centered methylations catalyzed by Cfr and RlmN and the unusual methylthiolation reactions involving the chemically challenging conversion of C--H to C--SCH~3~ catalyzed by the methylthiotransferases MiaB, RimO, and MtaB. Next, we review some of the diverse and recently identified carbon--carbon bond forming enzymes exemplified by Tyw1 which modifies tRNA bases, MqnE, which is involved in menaquinone biosynthesis, and F~0~ synthase, which is involved in coenzyme F~420~ biosynthesis. Lastly we discuss recent advances in our understanding of radical SAM enzymes involved in catalyzing increasingly complex rearrangements, represented by spore photoproduct lyase (SPL), the \[Fe,Fe\] hydrogenase maturase enzyme, HydG, and the molybdopterin biosynthesis enzyme, MoaA.

2. Methylations and Methylthiotransferases {#sec1.1}
==========================================

Radical SAM enzymes catalyze a variety of methylation reactions that are distinct from conventional nucleophilic methylations of electronegative atoms.^[@ref20]^ These enzymes are typified by methylation on carbon atoms and require two equivalents of SAM---one serving as the methyl donor, the other to generate Ado• needed in the reaction. Here, we discuss two subsets of methylases exemplified by RlmN and Cfr, and MiaB and RimO for which recent experiments have revealed new and unanticipated mechanisms.

2.1. Cfr and RlmN {#sec1.2}
=================

Methylation of rRNA plays an important role in the regulation of translation and in antibiotic resistance in certain bacteria.^[@ref21]^ Radical SAM-dependent RNA methylations are characterized by methylation on carbon; the best understood enzymes are Cfr and RlmN that methylate the C2 (RlmN) and C8 (Cfr) amidine carbons of A2503 in the bacterial 23S rRNA.^[@ref15],[@ref22]^ Both proteins contain a single \[4Fe-4S\] cluster^[@ref23]^ and consume two equivalents of SAM per turnover; one molecule provides the methyl group whereas the other serves to generate Ado•. It was assumed that the reaction would be initiated by Ado• abstracting hydrogen from the amidine carbon to activate it toward methylation; however, it has recently been shown that the reaction proceeds quite differently.

Studies employing labeled SAM and mutated enzymes^[@ref24],[@ref25]^ together with the crystal structure of RlmN^[@ref26]^ support a mechanism whereby the enzyme is first methylated on Cys355. Ado• next abstracts a hydrogen atom from the methylated cysteine, as evidenced by the fact that when (methyl-d~3~)-SAM is used one deuterium is incorporated into Ado-H.^[@ref24]^ The thiomethylene radical thus generated attacks the amidine carbon to form, after one-electron oxidation and loss of a proton, a transient rRNA--protein adduct. The covalent adduct is resolved by attack of a Cys 118 to form a disulfide bridge and the methylated rRNA (Figure [2](#fig2){ref-type="fig"}A). Isotopic labeling confirms that when deuterated SAM is used only 2 deuterium atoms remain in the methyl group and that the third proton derives from the solvent.^[@ref15],[@ref24]^

![(A) Proposed mechanism for carbon-centered methylation catalyzed by RlmN; the enzyme is first conventionally methylated on Cys355 by SAM; the reaction is then initiated by hydrogen abstraction from the thiomethyl group by Ado•. (B) Proposed mechanism for methylthiolation catalyzed by MiaB. Methylation by SAM of a persulfide ion (derived from the pentasulfide bridge) ligated to the unique iron of the auxiliary \[Fe~4~S~4~\] cluster precedes the radical SAM chemistry to generate Ado**•,** which abstracts hydrogen from the substrate. The substrate radical then attacks the methylated sulfur atom to afford methythiolated product. (C) Crystal structure of holo-*Tm*RimO. (Right) ribbon diagram showing UPF0004 domain (red), radical SAM domain (blue) and TRAM domain (pink). (Left) A pentasulfide bridge links the two unique iron atoms in each of the Fe~4~S~4~ clusters, with iron and sulfur shown in orange and yellow.](cb-2014-004674_0003){#fig2}

2.2. MiaB {#sec1.3}
=========

Chemical modifications of tRNAs have been discovered in all organisms. In particular, modifications of nucleotides surrounding anticodons of tRNAs are believed to maintain translational efficiency and fidelity.^[@ref27],[@ref28]^ One such modification is the thiolation of tRNA nucleotides that is accomplished by either of two distinct strategies. In one, the cysteine desulfurase enzyme IscS replaces a nucleoside oxygen with sulfur; in the other, methylthiolation is catalyzed by the radical SAM enzyme MiaB,^[@ref29]^ a rare case in which the tRNA is modified through a redox reaction.^[@ref30]^

Methylthiotransferases belong to a subset of radical SAM enzymes that contain two \[Fe~4~S~4~\] clusters. In addition to the central radical SAM domain, they possess an N-terminal UPF0004 (uncharacterized protein family 0004) domain that harbors the second \[Fe~4~S~4~\] cluster, ligated by a CX~34--36~CX~28--37~C motif,^[@ref13]^ and a C-terminal "TRAM" domain, (the name deriving from **TR**M2 **a**nd **M**iaB).^[@ref13],[@ref31]−[@ref35]^ Recently, a crystal structure of the related methylthiotransferase, RimO, discussed below, has been solved, confirming that the cysteine motif coordinates the second \[Fe~4~S~4~\] center.^[@ref36]^

MiaB was the first tRNA-modifying enzyme identified to contain an \[Fe~4~S~4~\] cluster.^[@ref37]^ It introduces a methylthiol group to the modified tRNA base i^6^A, forming 2-methythio-N-6-isopentenyladenosine (ms^2^i^6^A) at position 37 of tRNAs that read codons starting with uridine.^[@ref12]^ Labeling experiments show that one SAM provides the methyl group yielding SAH as the byproduct; while the other produces Ado•.^[@ref32]^ To initiate the reaction, Ado• generated by reductive cleavage of SAM is proposed to activate the tRNA substrate (i^6^A37) by abstracting a H atom from C-2 of the nucleotide (Figure [2](#fig2){ref-type="fig"}). It was thought that thiolation of i^6^A37 would occur next, with the second iron sulfur cluster providing the sulfur atom, as has been shown for the sulfur insertion reactions catalyzed by BioB.^[@ref31]^ This would be followed by methyl transfer from the second SAM, producing MeS^2^i^6^A37.^[@ref20]^

However, recent work shows that methyl transfer from SAM to the enzyme does *not* depend on Ado• radical formation and can proceed in the absence of substrate tRNA---suggesting that sulfur insertion may not precede methyl transfer.^[@ref29]^ Furthermore, when MiaB was treated with SAM in the absence of a reducing agent, subsequent denaturation of the protein with acid resulted in the release of methanethiol. These results suggested that the methyl group is transferred to an acid-labile sulfur on the protein.^[@ref29]^ Although this would be consistent with methyl transfer to one of the bridging μ-sulfido ions of the N-terminal \[Fe~4~S~4~\] cluster, a recent study reports multiple turnovers of MiaB with exogenous sulfide.^[@ref36]^ Furthermore, 2-dimensional EPR spectroscopy (HYSCORE) demonstrated that sulfur-containing cosubstrates such as methanethiol can directly chelate to the second cluster, which remains intact.^[@ref36]^ Mechanistic rationalization of these observations has been greatly aided by the recently obtained crystal structure of the related methylthiotransferase, RimO, as discussed below.

2.3. RimO {#sec1.4}
=========

RimO is responsible for post-translational modification of Asp88 of the ribosomal protein S12 in *E. coli*.^[@ref38]^ This protein is proposed to play a role in maintaining translational accuracy.^[@ref33],[@ref34]^ Similar to MiaB, RimO is a bifunctional system that in this case adds a methylthiol group to the β-carbon of an Asp88 residue (Figure [2](#fig2){ref-type="fig"}). The crystal structure of apo-RimO revealed that the acidic TRAM domain is likely to be the binding site for S12.^[@ref13]^ RimO function is also dependent on the protein YcaO; it is suggested that YcaO optimizes the interaction between RimO and S12.^[@ref39]^

Sequence homology to MiaB initially suggested methylthiolation may occur in a manner similar to MiaB, with one cluster generating Ado• to activate the substrate and the other cluster donating a sulfur atom to the substrate.^[@ref32],[@ref33]^ However, the recently determined crystal structure of holo-*Tm* RimO shows a remarkable pentasulfide bridge linking the two unique iron atoms in each of the clusters (Figure [2](#fig2){ref-type="fig"}).^[@ref36]^ The structure, along with mechanistic and spectroscopic studies similar to those described for MiaB,^[@ref36]^ provide strong evidence that the second cluster remains intact during turnover.

A mechanism that explains these observations starts with incorporation of exogenous sulfide into the pentasulfide bridge between the iron--sulfur clusters. This is followed by methyltransfer from SAM to form a methyl-terminated persulfide chain (Figure [2](#fig2){ref-type="fig"}); the details of how the pentasulfide bridge is cleaved and methylated remain to be determined. Abstraction of hydrogen from the substrate by Ado• activates the substrate for methylthiolation. Next transfer of the methylthio group to the substrate occurs and finally a further electron is lost from the substrate, possibly to the second iron--sulfur cluster, to complete the catalytic cycle.^[@ref20],[@ref36]^

2.4. Methylthiotransferases in Eukaryotes and Archaea {#sec1.5}
=====================================================

The hyper-modified adenosine base 2-methylthio-N6- threonylcarbamoyladenosine (ms^2^ t^6^A) is found in bacterial, archaeal, and eukaryotic cells.^[@ref35]^ The methylthio group is introduced by the methylthiotransferase subfamilies designated as MtaB in bacterial cells and eMtaB in eukaryotic and archaeal cells. These enzymes catalyze the methylthiolation of tRNA at position 37 on N6-threonylcarbamoyladenosine (t^6^A). The gene CDKAL1, encodes the eMtaB enzyme in humans; interestingly a deficiency in eMtaB reportedly leads to abnormal insulin synthesis and a predisposition to type 2 diabetes.^[@ref40]^ This observation lends further support to the emerging view that radical SAM enzymes play important roles in the metabolism of higher eukaryotes as well as microbial organisms. Biochemical analysis of YqeV, a bacterial homologue of CDKAL1, demonstrated the presence of two iron sulfur clusters and that the conserved cysteine motif coordinating the Fe--S cluster is required for tRNA modification, suggesting that these enzymes function similarly to MiaB and RimO.^[@ref35]^

3. Complex C--C Bond-Forming Reactions {#sec2}
======================================

Radical SAM enzymes catalyze many unusual carbon--carbon bond-forming reactions that proceed through radical intermediates. Here, we review some of the more recent insights into the mechanisms of several enzymes that expand upon the repertoire of radical SAM-catalyzed reactions. These include the hyper-modification of tRNA bases; a new biosynthetic pathway to menaquinone (vitamin K) that operates in some bacteria, and in the biosynthetic pathway for coenzyme F~420~.

3.1. Tyw1 {#sec2.1}
---------

Wyosine is a tricyclic base found in tRNA^Phe^ of archaea and eukaryotes at position 37, adjacent to the anticodon.^[@ref41]^ Its large cyclic structure may improve fidelity, due to its strong base-stacking interactions that reduce the flexibility of the tRNA.^[@ref42]^ Twy1 catalyzes the conversion of *N*-methylguanosine to 4-demethylwyosine as the second step in production of wybutosine, the wyosine derivative found in baker's yeast. It was recently demonstrated that the two additional carbon atoms are supplied by the α- and β-carbons of pyruvate (Figure [3](#fig3){ref-type="fig"}A).^[@ref43]^

![(A) Two mechanisms have been proposed for the conversion of *N*-methylguanosine to 4-demethylwyosine catalyzed by Tyw1. (top) A lysine stabilizes intermediates by forming a Schiff base with pyruvate; the auxiliary cluster functions as a redox center.^[@ref43]^ (bottom) Coordination of the auxiliary cluster promotes the reaction of the substrate radical with pyruvate facilitates cyclization.^[@ref44]^ (B) Proposed mechanism for aminofutalosine synthesis catalyzed by MqnE. The key first step involves a radical Michael addition of Ado• to the chorismate-derived cosubstrate; subsequent rearrangement and oxidative decarboxylation produces aminofutalosine. (C) Proposed mechanism for the reaction of tyrosine and diaminouracil catalyzed by F~0~ synthase. The mechanism involves the abstraction of hydrogen from tyrosine and the release of a dehydroglycine, producing a reactive 4-oxidobenzyl radical, which adds to diaminouracil. A second round of radical chemistry initiates formation of the tricyclic deazaflavin, F~0~, that in further steps is converted to F~420~.](cb-2014-004674_0004){#fig3}

Tyw1 from *Methanocaldococcus jannaschii* was cocrystallized with SAM, revealing a (β/α)~6~ "partial" TIM barrel structure typical of radical SAM enzymes that act on large substrates.^[@ref42]^ Apart from the catalytic \[Fe~4~S~4~\] cluster, which is bound by the α-amino and α-carboxylate groups of SAM, the enzyme contains a second \[Fe~4~S~4~\] cluster (separated from the first by 11 Å) that is essential for enzymatic function. However, its mechanistic role is remains unclear. In eukaryotes, the enzyme has an additional flavodoxin domain that may be involved in shuttling electrons to the iron sulfur cluster.^[@ref41]^

Two mechanisms have been proposed for Tyw1,^[@ref43],[@ref44]^ (Figure [3](#fig3){ref-type="fig"}A) one proposes the formation of a Schiff base to pyruvate formed through a conserved lysine residue, the other coordination of pyruvate to the second \[Fe~4~S~4~\] cluster. Both mechanisms start with hydrogen abstraction from *N*-methylguanosine by Ado• to activate the substrate followed by homolytic cleavage of the C1--C2 bond of pyruvate. The first mechanism envisages that the second cluster functions to either oxidize or reduce the pyruvate carboxylate group during the reaction (it is not known whether the carboxylate is released as CO~2~ or formate). Next, transamination of the Schiff base to the amino-group of *N*-methylguanosine would form the cyclized the product. The second mechanism proposes instead that the second \[Fe~4~S~4~\] cluster functions as a Lewis acid to facilitate cyclization and dehydration to form 4-demethylwyosine, without formation of a Schiff base intermediate. Further investigation is needed to discriminate between these potential mechanisms.^[@ref41]^

3.2. MqnE {#sec2.2}
---------

Menaquinone is used in place of ubiquinone by some bacteria in the electron transfer chain, whereas in animals, as vitamin K, it functions as a coenzyme in carboxylation reactions important in bone formation and blood clotting. Biosynthetic pathways for menaquinone synthesis have been well-characterized, but some bacteria lack the canonical genes for these pathways. *Streptomyces coelicolor* uses a newly discovered pathway to produce menaquinone that begins with the conversion of chorismate to 3-\[(1-carboxyvinyl)oxy\]benzoic acid by MqnA.^[@ref45]^ The radical SAM enzyme MqnE then catalyzes the conversion of 3-\[(1-carboxyvinyl)oxy\]benzoic acid to aminofutalosine, releasing methionine and CO~2~ as byproducts (Figure [3](#fig3){ref-type="fig"}B). Aminofutalosine is subsequently converted to menaquinone by MqnB, MqnC, and MqnD, and other uncharacterized enzymes.^[@ref45]^

Interestingly, unlike all other radical SAM enzymes, the mechanism by which MqnE converts 3-\[(1-carboxyvinyl)oxy\]benzoic acid into aminofutalosine does *not* involve hydrogen abstraction by Ado•. Rather, it involves the addition of Ado• to a double bond (Figure [3](#fig3){ref-type="fig"}B). The UV--visible spectrum of the enzyme demonstrates a characteristic 415 nm absorbance band, indicative of a \[Fe~4~S~4~\] cluster. Recently, the role of MqnE was elucidated by anaerobically incubating chorismate SAM and dithionite with MqnA and MqnE. Whereas MqnA alone catalyzed the dehydration of chorismate, the enzymes together produced the aminofutalosine.^[@ref45]^

3.3. F~0~ Synthase {#sec2.3}
------------------

F~0~ is a precursor to the deazaflavin cofactor F~420~, used by various enzymes including those involved in energy metabolism, DNA repair and antibiotic synthesis, in both prokaryotes and eukaryotes.^[@ref46]^ Recent studies on purified F~0~ synthase from *Thermobifida fusca* using labeled substrates have shown that F~0~ is formed from diaminouracil and tyrosine, rather than 4-hydroxyphenylpyruvate as had been proposed.^[@ref47]^ The enzyme from *Thermobifida fusca* (FbiC) is a single protein that interestingly possesses two CX~3~CX~2~C-containing radical SAM domains, suggesting that two different \[Fe~4~S~4~\] clusters are responsible for producing Ado• during the course of the reaction.^[@ref47]^ Consistent with this, 2.5 equiv of 5′-deoxyadenosine were formed for each F~0~ synthesized.

F~0~ synthase has also been studied from cyanobacteria and archaea where it comprises two subunits, CofG and CofH, each containing one \[Fe~4~S~4~\] cluster.^[@ref47]^ The two subunits appear to catalyze successive steps in the overall reaction. Thus, incubation of CofH with diaminouracil, tyrosine, SAM, and reductant gave a small molecule product that could subsequently be incubated with CofG, SAM, and reductant to yield F~0~. A mechanism for the formation of F~0~ that is consistent with these findings is shown in Figure [3](#fig3){ref-type="fig"}C. As originally proposed,^[@ref47]^ fragmentation of the tyrosyl radical generates a glycyl radical and the quinone methide intermediate that subsequently reacts with diaminouracil. However, in the light of recent work on hydG (discussed in section [4.2](#sec3.2){ref-type="other"}), we present a mechanism involving fragmentation of the tyrosyl radical to give a 4-oxidobenzyl radical that seems equally plausible. Further experiments will be needed to distinguish between these two possibilities.

4. Complex Carbon Skeleton Rearrangements {#sec3}
=========================================

Radical SAM enzymes have been shown to catalyze complex carbon skeleton rearrangements in the areas of DNA repair and cofactor biosynthesis. In this section, we review new mechanisms proposed for spore photoproduct lyase (SPL) and for the biogenesis of the CO and CN ligands in the FeFe-hydrogenase H cluster, which derive from tyrosine through the action of the radical SAM enzyme HydG. We also summarize recent studies on the molybdenum cofactor biosynthesis enzymes MoaA and MoaC, which clarify their roles in converting GTP into the polycyclic pyranopterin structure.

4.1. Spore Photoproduct Lyase {#sec3.1}
-----------------------------

Exposure to ultraviolet radiation results in dimerization of adjacent thymine bases in DNA, which can have deleterious effects on DNA replication and transcription. Spore photoproduct lyase (SPL), a radical SAM enzyme found in bacteria and commonly studied in *Bacilus subtilis,* repairs these dimers and thus reverses the damage.^[@ref48]^ The enzyme contains the canonical radical SAM \[Fe~4~S~4~\] cluster and adopts and incomplete, (β/α)~6~ TIM barrel fold (Figure [4](#fig4){ref-type="fig"}).^[@ref49]^

![(A) Newly proposed mechanism for SPL accounting for radical regeneration by a hydrogen atom transfer pathway involving Cys140 and Tyr98; (B) SPL enzyme structure with partial TIM barrel fold shown in blue and substrate in brown; (C) close-up view of SPL active site with \[Fe~4~S~4~\] in yellow/orange, conserved cysteine residues in green, SAM in pink, thymine dimer in blue, and Tyr98 in cyan.](cb-2014-004674_0005){#fig4}

The established mechanism for SPL starts with the formation of an Ado• radical, which abstracts a hydrogen atom from C-4 of the dihydrothymine moiety of the dimer. The resulting thyminyl radical then fragments to restore one thymine residue and generate a methyl-based radical on the second thymine residue, which abstracts a hydrogen back from Ado-H to regenerate Ado• and the restore second thymine residue.^[@ref48]^ This mechanism predicts that the hydrogen atom first abstracted by the Ado• radical should be returned to one of the thymine residues. However, a recent study using deuterated dithymine substrates revealed that the mechanism is more complex. Surprisingly, when the hydrogen atom first abstracted by the Ado• is replaced by deuterium, no deuterium is observed in the thymine product, suggesting that the originally abstracted hydrogen is not returned to thymine.^[@ref50]^

Site-directed mutagenesis studies show that a conserved cysteine residue, Cys140, (that does not coordinate the \[Fe~4~S~4~\] cluster) is required for SPL function. The crystal structure of SPL (Figure [4](#fig4){ref-type="fig"}) shows this cysteine residue to be closer to the 3′-thymidine residue than SAM, suggesting that Cys140 is the true hydrogen atom donor to the thyminyl radical. Cys140 alanine and serine mutants were not catalytically active but structurally the similar to wild-type SPL. The S--H bond dissociation energy is low enough to donate hydrogen to the thyminyl radical, but the O--H bond dissociation energy is too high, explaining why cysteine but not serine can act as a hydrogen source.^[@ref49]^ Indeed, mutation of Cys140 to alanine traps the enzyme before the final step allowing the allylic thyminyl radical to be trapped with dithionite as the thymine sulfinic acid derivative.^[@ref51]^

For the reaction to be catalytic with respect to SAM, Ado• must eventually be regenerated. Tyr98, is located between Cys140 and SAM in the enzyme active site and is a potential intermediate in the hydrogen transfer pathway (Figure [4](#fig4){ref-type="fig"}). The Tyr98Phe mutant enzyme was still functional, but has a 3-fold lower reaction rate, suggesting this is not an obligate step.^[@ref52]^ The tyrosine O--H and cysteine S--H have similar bond dissociation energies, indicating that abstraction of a hydrogen atom from Tyr98 by the cysteinyl radical is feasible. In contrast, the C--H bond dissociation energy is much higher so that transfer of hydrogen from Ado-H to either a tyrosyl or cysteinyl radical would be unfavorable. It has been hypothesized that this energy difference could be offset by coupling the abstraction of hydrogen from Ado-H to the regeneration of SAM.^[@ref52]^

4.2. Hydrogenase Maturing Enzyme, HydG {#sec3.2}
--------------------------------------

HydE and HydG are radical SAM enzymes that are involved in the maturation of the \[FeFe\]-hydrogenase (HydA), which plays a central role in hydrogen metabolism in various anaerobic bacteria. HydA contains a complex metal cluster in which a \[Fe~4~S~4~\] cluster is linked through a cysteine ligand to a di-iron cluster, the H-cluster, which is the site of hydrogen generation. The H-cluster is ligated by CN, CO, and dithiolate ligands; recent studies have shown that it is synthesized separately and then inserted into HydA^[@ref53]^ through the actions HydE, HydF, and HydG. HydE and HydG are radical SAM enzymes that contain significant sequence similarities to biotin synthase (BioB) and tyrosine lyase (ThiH), respectively.

HydG is the better understood enzyme; it has been shown to use tyrosine as a substrate in the synthesis of CN^--^ and CO ligands, while producing p-cresol as the biproduct. In addition to the Ado• generating \[Fe~4~S~4~\] cluster, the enzyme contains a C-terminal \[Fe~4~S~4~\] cluster that, based on characterization of mutants lacking the cysteine ligands to the cluster, appears to be the site of CO and CN^--^ production. A recent study found that that disruption of the C-terminal \[Fe~4~S~4~\] cluster does not affect the enzyme's affinity for SAM but drastically reduces the affinity for tyrosine. Kinetic analysis of the iron--sulfur cluster mutants indicated that the C-terminal cluster is not needed for tyrosine cleavage to p-cresol but is required for conversion into CN^--^ and CO.^[@ref54]^

It is generally considered that the HydG reaction is initiated by abstraction of the phenolic hydrogen from tyrosine by Ado•; however, the subsequent steps in the mechanism are less clear. In particular, cleavage of the tyrosyl radical could occur heterolytically, to produce dehydroglycine and a 4-oxidobenzyl radical, or homolytically, to produce glycyl radical and quinmethide as intermediates.^[@ref55],[@ref54]^ The mechanism of cleavage has implications for how CN^--^ and CO are produced from the glycyl fragment.

Recently, EPR spectroscopy, together with various ^2^H, ^13^C, and ^15^N-labeled tyrosine substrates, has been used to identify HydG reaction intermediates and a detailed reaction mechanism was proposed, accounting for the role of both clusters.^[@ref56]^ The results support a mechanism where cleavage of the tyrosine radical occurs heterolytically to form a 4-oxidobenzyl radical and dehydroglycine, in which dehydroglycine is bound to the C-terminal cluster. Electron and proton transfer reduces the 4-oxidobenzyl radical to p-cresol. Lastly, by a mechanism that is still unresolved, dehydroglycine is cleaved and dehydrated to give the CO and CN^--^ ligands that remain bound to the unique iron of the C-terminal cluster (Figure [5](#fig5){ref-type="fig"}A).^[@ref56]^ Further analysis employing stopped-flow FT-IR and electron--nuclear double resonsance (ENDOR) spectroscopies suggest that this Fe\[CO\]\[CN^--^\] synthon is further converted by HydG to a Fe\[CO\]~2~\[CN^--^\] complex. The entire Fe\[CO\]~2~\[CN^--^\] complex forms the basis for one-half of the H-cluster and is subsequently transferred to apo-HydA, probably through the combined action of HydE and HydF, to ultimately form the mature HydA \[FeFe\]-hydrogenase.^[@ref57]^

![(A) Recently proposed mechanism for the cleavage of tyrosine by HydG: Tyrosine binds to the auxiliary C-terminal \[Fe~4~S~4~\] cluster. Ado• generated by N-terminal \[Fe~4~S~4~\] cluster reacts with tyrosine, producing a tyrosyl radical. Cleavage of the tyrosyl radical results in 4-oxidobenzyl radical and dehydroglycine bound to the auxiliary cluster that is subsequently cleave to produce CO and CN^--^ ligands to the H cluster of HydA. (B) Proposed mechanism for the conversion of GTP to 3′, 8-cH~2~GTP by MoaA; MoaC is now established to catalyze the further steps necessary to produce the pyranopterin ring system.](cb-2014-004674_0006){#fig5}

4.3. Molybdopterin Biosynthesis---MoaA and MoaC {#sec3.3}
-----------------------------------------------

Molybdopterin is one of the few molybdenum-containing compounds synthesized in nature. In animals guanosine triphosphate (GTP) serves as precursor.^[@ref58]^ In a complex reaction, the first two enzymes in the molybdopterin biosynthetic pathway, MoaA and MoaC, convert GTP into cyclic pyranopterin monophosphate (cPMP) an intermediate possessing a system of four linked six-membered rings.^[@ref59]^ There have been various mechanistic proposals for this transformation and some debate about the roles of MoaA and MoaC in the production of cPMP, which recent mechanistic experiments have begun to clarify.

MoaA is a radical SAM enzyme; its crystal structure with GTP and SAM bound provided the first clues to its function and mechanism.^[@ref60]^ MoaA exists as a homodimer with each subunit contains two canonical radical SAM \[Fe~4~S~4~\] clusters: one at the N-terminus and one at the C-terminus of each subunit. The enzyme adopts a partial TIM (β/α)~6~ barrel structure with a hydrophilic channel in the center and a \[Fe~4~S~4~\] cluster on either side. SAM coordinates to the N-terminal \[Fe~4~S~4~\] cluster, whereas GTP coordinates to the C-terminal cluster.^[@ref60]^

Recently, using deuterium-labeled substrates, that allowed intermediates to be characterized by mass spectrometry, it was possible to demonstrate that the C-3′ H atom of GTP is abstracted by Ado•.^[@ref61],[@ref62]^ Furthermore, using 2,3,-dideoxyGTP as a substrate an intermediate containing the bond between the guanine C8 and ribose C3′ was obtained.^[@ref63]^ Based on these results, a mechanism for the rearrangement was proposed in which the C-3′ radical attacks the C8 of guanosine to form a key C--C bond, which after reduction yields the intermediate 3′,8-cyclo GTP in the rearrangement product. It was suggested that further, nonradical steps catalyzed by MoaA would lead to a PMP-triphosphate intermediate that would be the substrate for MoaC (Figure [5](#fig5){ref-type="fig"}B).^[@ref62],[@ref63]^ However, it has now been shown that under anaerobic conditions MoaA catalyzes only the formation of 3′,8-cyclo GTP from GTP and SAM (Figure [5](#fig5){ref-type="fig"}B).^[@ref61]^ This product was isolated and structurally characterized and further shown to be converted to cPMP by MoaC, providing convincing evidence for the roles of the two enzymes in molybdopterin biosynthesis.

5. Concluding Remarks {#sec4}
=====================

The past two decades have seen the number of known radical SAM enzymes grow enormously to the point at which they comprise a remarkably diverse superfamily. As such, in a review such as this, it has only been possible to highlight recent advances in understanding a limited subset of enzymes. Although advances in recombinant technologies have greatly facilitated the expression of these enzymes, their oxygen sensitivity, low catalytic activity and the complexity of many of their substrates continue to make these enzymes challenging to work on. The increasing number of structures now available reveals a common fold for radical SAM enzymes based on the 8-stranded (full) or 6-stranded (partial) β/α-barrel. Another emerging theme is the presence of auxiliary iron sulfur clusters in many radical SAM enzymes that appear to serve diverse and often incompletely understood functions.

In contrast to their structural uniformity, the reactions catalyzed by radical SAM enzymes are discovered to be ever more diverse and mechanistically complex. As examples recent work has uncovered a novel role for Ado• in bacterial menaquinone biosynthesis and revealed unexpected mechanistic complexity in SPL, an enzyme that has been known for quite some time. Similarly, the seemingly simple methylation reaction catalyzed by RlmN has been shown to occur through a quite different mechanism than originally suggested, as have the methylthiolation reactions catalyzed by MiaB and RimO. Lastly, we suspect that few people would have predicted that the "inorganic" carbonyl and nitrile ligands found in the iron--hydrogenase cofactor would be derived from tyrosine. Hopefully radical SAM enzymes still hold further surprises to be uncovered.
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**Radical SAM enzymes**

:   a class of enzymes that utilize and iron sulfur cluster to reductively cleave S-adenosylmethionine to produce a 5′deoxyadenosyl radical. This highly reactive species participates in a remarkably wide range of biological reactions

**\[Fe**~**4**~**S**~**4**~**\] cluster**

:   an inorganic complex comprising a cubic arrangement of iron and sulfur atoms that function as one-electron redox cofactors in many enzymatic reactions. In most cases, each of the four iron atoms is ligated by a cysteine residue from the protein; radical SAM enzymes are unique in that only three iron atoms are ligated by cysteine, leaving a vacant coordination position for SAM

**5**′**-Deoxyadenosine**

:   the product produced by radical SAM enzymes upon quenching of the transient 5′-deoxyadenosyl radical
